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CAN VISUAL FEEDBACK IMPROVE ENGLISH SPEAKERS’ 
MANDARIN TONE PRODUCTION? 
CHENG CHENG 
ABSTRACT 
 Non-native tones are considered challenging for adult second language speakers 
to perceive and produce. The current study examined the effect of a laboratory-based 
intensive training in improving American English speakers’ tone production. 
Participants’ task was to repeat Mandarin words after the model. There were two 
conditions in the experiment: in one condition, participants did not get any external 
feedback; whereas in the other condition, participants received detailed visual feedback, 
which was the pitch contour of their tone production alongside the native version. Eight 
participants completed training with no feedback and another eight participants were 
trained with visual feedback. Results revealed that participants in both groups did not 
improve their tone production after training, and participants trained with visual feedback 
did not show more improvement than those trained with no feedback. Given the lack of 
improvement in participants’ tone production after training, methodological and 
theoretical limitations with respect to the use of a repetition-based training paradigm are 
discussed. 
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INTRODUCTION 
 Learning to perceive and produce non-native speech categories is typically 
considered challenging for adult speakers. For example, English speakers have difficulty 
discriminating contrasts such as Hindi retroflex versus dental stops (Werker, Gilber, 
Humphrey, & Tees, 1981), Japanese speakers have a hard time perceiving and producing 
the difference between /ɹ/ and /l/ in English (Best & Strange, 1992), and Korean learners 
have difficulties with producing the /i/ - /ɪ/ contrast in English. The dominant theoretical 
perspective attributes these perception and production difficulties to a bias in second 
language (L2) perception stemming from the first language (L1) phonological system and 
its relation to that of the L2 (Best, 1995). 
 Besides foreign contrasts on the segmental level, adult learners also demonstrate 
difficulty perceiving and producing non-native suprasegmental patterns. For instance, 
Mandarin tones are difficult for English speakers to perceive and produce (Wang, 
Jongman, & Sereno, 2003; Wong & Perrachione, 2007). In perception, this difficulty is 
largely driven by “cross-language differences in weighting critical auditory dimensions 
that differentiate speech categories” (Chandrasekaran, Yi, Smayda, & Maddox, 2016, 
p566). Mandarin Chinese is a tone language, which uses four lexical tones to contrast 
meaning. Tone 1 is a high-level tone, Tone 2 is high-rising, Tone 3 is a dipping tone 
which decreases the pitch at first, and then raises it after a turning point, and Tone 4 is a 
high-falling pitch (Chao, 1948). The four tones are distinguished by their fundamental 
frequency (F0) height and F0 contours, which are considered to be the main acoustic 
parameters to characterize Mandarin tones (Moore & Jongman, 1997; Wang, 1999). 
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Amplitude (e.g., Tone 3 has the lowest, and Tone 4 has the highest amplitude), duration 
(e.g., Tone 3 is the longest tone whereas Tone 4 is the shortest one) and phonation type 
(e.g., Tone 3 sometimes incorporates creaky voice) are also important tone features. 
Differentiating lexical tonal categories in Mandarin Chinese requires attending to 
dimensions related to F0 height and F0 patterns. However, in English, changes in F0 
height and F0 patterns vary over the entire utterance to differentiate pragmatic meaning 
for sentences. Thus, these two dimensions in Mandarin lexical tones are under-weighted 
by native English speakers. 
 However, studies have shown that the adult perceptual system still has the 
capacity to change through intensive laboratory-based training. Much work has been 
done to investigate the effect of training on perceiving non-native suprasegmental 
contrasts. In Wang, Spence, Jongman, and Sereno (1999), tones were trained in pairs 
(e.g., Tone1 and Tone2, Tone3 and Tone4). Trainees were asked to perform a tone 
identification task from a field of two. They were provided with instant corrective 
feedback with audio of the tone pair to reinforce learning. Their results showed that 
American English-speaking learners of Mandarin improved their accuracy to identify 
different tone categories after five hours of training across two weeks. Also, this 
improvement generalized to untrained words and was retained when tested 6-months post 
training. In a follow-up study, Wang, Jongman, and Sereno (2003) further investigated 
the effects of perceptual training on production. Results showed that tone contrasts 
established through perceptual training can transfer to improved production, even when 
production is not explicitly trained. Perrachione, Lee, Ha, and Wong (2011) integrated 
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Mandarin tone perception training into a word learning paradigm to investigate the 
interaction between individual differences in perceptual abilities and the design of the 
training paradigm. During the training phase, trainees were asked to learn the association 
between auditory words and pictures of objects with corrective feedback provided. One 
group was given high-variability tokens (i.e., recorded by 4 talkers) whereas the other 
received training using low-variability stimuli (i.e., recorded by only one talker). Results 
showed that high-variability training facilitated learning only for trainees with strong 
perceptual abilities; meanwhile, learners with weaker perceptual abilities were impaired 
by high-variability training. In perception, low-variability training tends to result in faster 
learning at the expense of generalization. 
 Much work has been done to investigate the effect of training on perceiving non-
native tone contrasts. However, little is known about learning to produce them. Training 
on the production of these contrasts is still in a preliminary stage due to technical 
limitation in pitch tracking and tone recognition (Zhou & Xu, 2008; Liao 2014). 
Production is an integral part of language learning, and actively interacts with speech 
perception. Unlike perception, which could be trained using a passive procedure through 
natural language exposure (e.g., watching TV, listening to audio books or songs), 
production training requires the presence of native speakers to provide models and 
corrective feedback — especially when the target contrasts are also hard for non-native 
listeners to perceive, as is the case for lexical tones. For instance, a traditional training 
paradigm usually involves the following steps: the mentor gives a model, the student 
imitates the model, and then the teacher provides corrective feedback and instructions to 
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help the student make a better production. In our current study, we designed a computer 
program to provide models and corrective input in the absence of a mentor. We 
investigated the effect of our computer program and training paradigm to help English 
speakers improve Mandarin tone production skills without the presence of a mentor. 
Limited work has been done with Mandarin tone production training using computer-
assisted training paradigms. However, many studies have explored ways to train speech 
production with computer-generated biofeedback in segmental phoneme production and 
speech prosody training, which shed light on the possible research design in our study. 
 Feedback is an important aspect of speech production. The Directions Into 
Velocities of Articulators (DIVA) model is a neural network model of speech acquisition 
and production that provides a description of how human infants learn to produce speech 
sounds through babbling and imitation processes (Guenther & Vladusich, 2009, p409). 
This model emphasizes the importance of integrating auditory, somatosensory, and motor 
information via the feedback and feedforward control subsystems for speech-motor 
learning in infants and adults. According to the DIVA model, auditory feedback from 
self-generated speech sounds is used to learn the relationship between motor actions and 
their acoustic outcomes. However, for some patients with speech production issues or 
second language speakers who lack exposure to non-native acoustic features or 
categories, the use of their own internal auditory feedback alone may not be sufficient for 
them to successfully carry out certain linguistic tasks. The perception of their own 
production might not be accurate; the detection of the discrepancy between their attempts 
and the target might be difficult; they might be in need of explicit instructions to generate 
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motor plans to reshape their production. Thus, external feedback is involved to assist 
their performance. One type of augmentative biofeedback is visual feedback, which 
graphically conveys the important acoustic features to facilitate motor speech learning 
and speech production. 
 Computer-generated visual feedback has been widely used in the production 
training of non-native segmental contrasts. Visual feedback provides trainees with the 
visual display of important articulatory gestures of a training target and the trainees’ 
attempt, which guides them to make a better production. Herd et al. (2013) conducted a 
production training of intervocalic /d, ɾ, r/ with American English learners of Spanish. 
Participants in their study were presented with the waveform, spectrogram, and 
orthographic representation of a native speaker’s word production via Praat (Boersma & 
Weenink, 2011). They were prompted to inspect the native speaker’s production, record 
their production and see the waveform and spectrogram of their own attempt. They were 
encouraged to match their waveforms and spectrograms with the native speaker’s 
version. Results showed that participants demonstrated improvements in production as 
well as their perception of these consonant contrasts. Visual feedback has also been 
successful in vowel production training. Kartushina, Hervais-Adelman, Frauenfelder, and 
Golestani (2015) used an analysis of the acoustic properties of Danish vowels (i.e., /e/ 
and /ε/, and /y/ and /ø/) as visual feedback to train French speakers to produce them. 
Trainees' F1–F2 space was displayed alongside that produced by native speakers. 
According to their training procedure, a brief introduction was given at first about how to 
interpret the feedback (e.g., tongue height is reflected by F1, and tongue front-back 
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position is reflected by F2). Trainees then imitated four Danish vowels recorded by a 
native speaker and compared the visual display showing the location, in F1–F2 space, 
their own production with the model. The results indicated that this training procedure 
was effective in improving the accuracy of the trainees’ production and perception of 
these Danish vowel pairs (i.e., /e/ and /ε/, and /y/ and /ø/). Other research using 
ultrasound imaging to provide audio models and real-time display of the tongue shape 
also proved to be effective for training non-native vowel production (Engwall, 2008; 
Suemitsu, Dang, Ito, & Tiede, 2015). 
 Besides production training on the segmental level, research has been done to 
train speech production on the suprasegmental level, with a focus on speech prosody. 
Prosody is an important aspect of language that seems to be easily acquired by children in 
first and second language, but which is considerably more difficult for adults to acquire 
up to a native-like level in a second language (Chun, 1998). This work has shown that the 
use of computer-assisted prosody training paradigms is effective for improving second-
language prosody production. The primary method is to visualize a trainee’s F0 contour. 
Hardison (2004) trained native speakers of American English to produce French prosody 
using computer-assisted prosody training with visual feedback. During the training 
sessions, participants were instructed to say sentences from a card with their natural 
speech prosody. Their pitch contour was displayed in real time at the bottom of the screen 
while a target version produced by native speakers was presented on top of it with audio 
model as well. It was then overlaid on the participant’s contour in a contrasting color. 
Results demonstrated improvements and also generalization to segmental production and 
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novel sentences. Hirata (2004) used Key Elemetrics’ CSL-pitch program to train native 
English speakers to learn Japanese pitch and durational contrasts. During training, 
trainees were required to match the F0 and duration of Japanese target words both in 
isolation and in sentences with real-time visual feedback of the F0 contour of their own 
speech and that of the model. Results showed that trainees made significant 
improvements in both perception and production of the trained contrasts. Hincks and 
Edlund (2009) provided a different type of visual feedback to train production of English 
prosody in Chinese learners. Instead of showing pitch contours, they used flashing lights 
to show how much pitch variation the speaker has produced in English. The variable used 
to generate the feedback was the standard deviation of fundamental frequency measured 
in semitones. This method helped Mandarin speakers improve the pitch variation in their 
production of English prosody. 
 Unlike the above research with a focus on training for speech prosody, Mandarin 
tone production training has to provide trainees with more precise feedback in a shorter 
time window to attain a target pitch pattern on every syllable. Furthermore, Mandarin 
tone learners need to establish entirely new phonological contrasts and integrate them 
into the lexicon, which is a challenging task for non-tone language speakers. 
 Few studies have been done with Mandarin lexical tone production, especially 
training paradigms using computer-generated corrective feedback. Liao (2014) designed 
an adaptive Mandarin pronunciation training system for beginners of Mandarin Chinese 
to improve their production of the consonants, vowels, and tones in Mandarin words and 
sentences. In their study, they used a corpus comprised of good or bad labels of tone 
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production to test their training system to see if it could accurately identify tone 
production errors and provide remedial feedback. During tone production assessment, the 
system was designed to detect production errors and provided corrective feedback 
through a decision tree-based design. A tone production was first normalized on a five-
point scale and then divided into three equal segments in terms of duration. Then the 
three parts of the normalized tone would go through the decision tree and be measured by 
several parameters. Besides error detection, explicit corrective feedback such as, “lower 
your pitch in the beginning,” or, “increase your pitch gradually,” were provided to guide 
the trainee to improve the shape of their tone contour. The results showed that their 
system was more accurate to detect production errors for Tone1, Tone2 and Tone 4, 
whereas the accuracy of error detection was relatively low for Tone 3. Their decision-
tree-based tone models have to be further trained with errors made by second language 
learners. 
In sum, previous literature has demonstrated that: (1) non-tone language speakers 
have difficulty perceiving and producing non-native tones but they can be trained to 
make significant improvements through a relatively short period of training, (2) external 
visual feedback that supplements auditory input is helpful to improve speech production 
on both the segmental and suprasegmental level, (3) visualization of pitch movement is 
beneficial to learners’ pitch production training who might not get sufficient support from 
their own internal auditory feedback, (4) allowing the comparison of the key acoustic 
features between trainees’ attempts and the productions of a model talker can guide the 
trainee to make a better production, and (5) training gains can be transferred across 
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perception and production. 
In the current study, we explored whether the use of immediate visual feedback 
would facilitate Mandarin tone production for native English speakers through a single-
word repetition paradigm. The participants were divided into two training groups: in one 
group, no feedback was provided; in the other group, plotted F0 contours were used as 
visual feedback. It was hypothesized that participants in both groups would benefit from 
our training, and that participants who received visual feedback would attain better 
performance of learning Mandarin tone production than the group with no feedback. 
Plotted feedback may allow participants to compare their attempt to a target tone in order 
to better imitate the F0 contour, which is the critical parameter that they must acquire. 
With the visualization of their tone production, they would be able to modify their own 
output better. Previous motor speech training has consistently shown that feedback with 
error information is effective for skill improvement. Moreover, de Bot (1983) also 
reported that participants would be better motivated with plotted feedback as they know 
where to put efforts, and they are informed about their progress. However, it is also 
possible that an overuse of external visual feedback might decrease the involvement of 
their own internal feedback (i.e., auditory feedback). Thus, participants given plotted 
feedback might outperform the no-feedback group during training sessions, but not in the 
testing session where no feedback was provided. 
Besides the improvements in the production modality, we are also interested in 
studying the progress made in participants’ perception ability as a result of the training as 
previous research has shown training effects across modalities. Wang, Jongman, & 
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Sereno (2003) showed that participants made improvements in tone production after 
training only on perception; Kartushina et al. (2015) trained French participants to 
produce Danish vowel pairs and observed subsequent improvements in their ability to 
also distinguish the trained sound pairs. In the current study, we used a single-word 
repetition paradigm, which, while focusing on production, may also result in differential 
improvement to listeners' perceptual skills for lexical tones. It is possible that in the group 
with detailed visual feedback, participants might over-rely on the external feedback 
which would result in an inadequate amount of gain in their ability to perceive the 
differences among the Mandarin tones without visual feedback. 
If the training paradigm is proved to be effective, it can be applied to tone 
production training in second language education and speech-language pathology. The 
computer-assisted training program would allow learners to practice Mandarin tone 
production without the costly presence of a native speaker or teacher. It could also be 
used to train Mandarin tone production in Chinese children with hearing impairments. 
Finally, it will contribute empirical evidence to support the use of visual feedback to 
facilitate speech production. 
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METHODS 
2.1 Participants 
 Sixteen native speakers of American-English from the student body of Boston 
University participated in this study (16 female, age 23 years). All participants had no 
reported speech, language or hearing disorders, and had no prior experience with any 
tone languages. Prior to training, participants self-reported their music and language 
background by completing a questionnaire. Their ability to distinguish tones was tested 
on the Pitch-Contour Perception Test (PCPT) (Wong & Perrachione, 2007). The PCPT 
asks participants to listen to isolated vowel sounds with pitch contours synthesized to 
represent the pitch patterns of Mandarin lexical tones. Participants performed a judgment 
about direction of the contour (rising, falling, or level) by matching it to a corresponding 
arrow. This test is designed to ascertain an individual’s basic ability for perceiving and 
producing tone contrasts. Participants scoring between 50% and 90% were included in 
this study. This range ensures that they had suitable perceptual skill to detect different 
pitch contours, but were not so accurate that there was no room for improvement.  
This study was approved by the Institutional Review Board at Boston University. 
Participants provided written informed consent and were free to withdraw from the 
experiment at any time. They received monetary compensation for their participation. 
 
2.2 Stimuli 
 Forty Mandarin words (see Table 1 & Appendix A) were selected to be used in 
this study. Among the 40 words, 16 consisted of four syllables (nei /nei/, la /lɑ/, ma /mɑ/ 
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and yi /ji/) in four Mandarin tones; the other twenty-four consisted of eight syllables (a 
/a/, bai /pai/, wu /wu/, lai /lai/, lei /lei/, nao /nɑʊ/, ai /ai/, mei /mei/). A 25-year-old male 
and a 25-year-old female native speaker of Mandarin were recorded reading these words 
from a list written in pinyin in a sound booth using a Shure MX153 earset microphone 
through Praat software (http://praat.org), sampled at 44.1 kHz directly to 16-bit 
monophonic sound files. Each word was RMS amplitude normalized to 65 dB SPL using 
the Praat software. 
Day Baseline  
(4 tones) 
Training Sessions 
(3 tones) 
Testing Sessions 
(3 tones) 
Post-Training 
Test (4 tones) 
1 nei, la, ma, yi a, bai a, bai, wu, lai, ma, yi  
2  a, bai, wu, lai a, bai, wu, lai, lei, nao,  
ma, yi 
 
3  a, bai, wu, lai, 
 lei, nao 
a, bai, wu, lai, lei, nao,  
ai, mei, ma, yi 
 
4  a, bai, wu, lai,  
lei, nao, ai, mei 
a, bai, wu, lai, lei, nao,  
ai, mei 
nei, la, ma, yi, 
Table 1. Experimental Stimuli.  
 
2.3 Procedure 
 Participants were trained in a series of sessions on four consecutive days, 
repeating words after a model produced by a native Mandarin speaker of the opposite sex 
(an opposite-sex model was used to reduce participants' inclination to imitate the absolute 
pitch of the speaker, as opposed to integrating the phonological tone contour into their 
own pitch range). Each session consisted of at least three parts: the Calibration Phase, the 
Training Phase, and the Testing Phase. On Day 1, participants took a baseline test prior to 
the training phase. On Day 4, participants had a post-training test. The training procedure 
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is implemented in PsychoPy (Peirce, 2007). 
Participants were assigned to one of the two training conditions, in which they 
were given either no feedback (a.k.a. void feedback) or visual (i.e., plotted) feedback (see 
Figure 1). The two groups were balanced in terms of their tone perception ability, which 
was determined by their score on PCPT (using independent-sample t-test, there was not a 
significant difference in participants’ average PCPT scores in two conditions: t14 
= -0.405, p = 0.692). There were eight participants in the void condition (8 female, mean 
age 22 years) and eight participants in the plotted condition (8 female, mean age 24 
years). The only procedural difference for the two groups happened in the Training 
Phase, where they saw either no feedback or plotted feedback. In this phase, the same 
word was trained two times in a row to allow the participants to make adjustments to 
their tone production to produce a better tone after feedback. In the void condition, 
participants did not get any external feedback, whereas in the plotted condition 
participants got visual feedback, which was the pitch tracing of their own attempts, 
overlaid with a native version in a contrasting color. There were five dots on the pitch 
contour marking the beginning, the 1/4, 1/2, 3/4, and the ending point that gave 
participants information about which part of their production needed improvement: a red 
dot indicated that the production at that time point was outside the acceptable range (i.e., 
the pitch differed by more than 12.5% (half a level on the 5-grade scale)), whereas a 
green point suggested a good attempt (i.e., the pitch difference was smaller than 12.5% 
(half a level on a 5-grade scale)). Participants were instructed to repeat the word with the 
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pitch contour and use the feedback to make adjustments to better overlap the two 
contours in their second attempt. 
         
               (a). Void feedback                                    (b). Plotted feedback 
Figure 1. Feedback Types.  
(a) illustrates the screen participants in the void feedback condition saw (i.e., they saw a blank screen 
after they produced a tone); (b) shows the visual feedback participants in the plotted group saw after 
each production. 
 
2.3.1. Calibration Phase 
In order to determine the F0 range to normalize tone production on a 5-level 
scale, all participants read a selection of jokes (see Appendix B.) presented on the screen 
with their natural speech prosody on each training day. Participants were instructed to 
read the jokes in a lively manner, in order to get a robust sample of their F0 range. Their 
F0 during reading was extracted and analyzed by the computer program for F0 
normalization to compare their pitch contour with that produced by the native speaker on 
a 5-level scale. 
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2.3.2. Baseline Test 
On the first day, prior to the production training, participants took a baseline test 
(see Appendix C). During this phase, they heard 16 Mandarin words recorded by a 
native Mandarin speaker, and said each after the model two times in total in a random 
order. Although Tone 3 was not used in the training phase, it was presented in the 
Baseline Test, as well as in the post-training test, to investigate if there was any 
generalization of training from trained tones to an untrained tone. There was no feedback 
given in this section. Participants’ productions were recorded as pre-training baseline 
data. 
2.3.3. Training Phase 
In the training phase (see Appendix D), participants (1) listened to words 
produced by a native Mandarin speaker of the opposite sex as the participant (i.e., female 
participants heard a male model and vice versa), (2) said the word out loud, (3) saw either 
no feedback or plotted feedback depending on the group they were in, (4) listened to the 
word again, (5) produced the word again, and (6) saw the same type of feedback as they 
got in (3). Then they moved on to the next trained word and repeated procedure (1) – (6). 
They were trained on 24 trials each day, and all their productions were recorded.    
Words with the same syllable but overlaid with different tones were considered to 
be in a set (e.g., a1, a2, a4). On Day 1, participants were trained to produce 2 sets of three 
words (i.e., a1, a2, a4; bai1, bai2, bai4) for four times, resulting in 24 training trials per 
day. In each trial, participants were recorded two times (i.e., before and after the feedback 
was provided). The six words were trained in a random order. 
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Two new sets of words were added into the training phase on the next day, and all 
words were trained in a random order. Previously trained words were given fewer 
opportunities for learning in order to maintain the same total number of trials, which was 
24 per day. 
2.3.4. Testing Phase 
On each day, participants were tested on the trained words, new words that were 
used for training on the next day, and two sets of words that were never used in training 
sessions (see Table 1). In the testing phase (see Appendix E), participants heard words 
and said them right after with no feedback provided. They were tested on each word 
twice in a random order. All their productions were recorded for acoustic analysis and 
subjective assessment by Mandarin speakers. 
2.3.5. Post-Training Test 
On Day 4, participants were tested again with the words used in the Baseline Test 
with the same procedure (see Appendix C). Participants’ productions were recorded for 
acoustic analysis and subjective assessment. 
2.3.6. PCPT Re-test 
On the last day of training, participants’ pitch perception ability was tested for a 
second time using the PCPT after the Testing Phase. Their scores were compared with 
their pre-training baseline data to see if there were any gains in perceptual abilities for 
lexical tones after production training. 
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3.1 Analysis 
Participants’ productions were evaluated using both quantitative acoustic analysis and 
qualitative perceptual assessments. The Praat software (Boersma & Weenink, 2011) was 
used to analyze the pitch contour; native Mandarin speakers (N = 8; 5 female, mean age 
24 years) were recruited to perform a paired comparison task to decide whether 
participants’ production of each word was better before training or after training; native 
Mandarin speakers (N = 8; 6 female, mean age 24 years) also rated participants’ 
recordings on a scale to determine the subjective quality of their production. Participants’ 
perceptual improvement in Mandarin was measured by analyzing the difference in their 
accuracy on PCPT before and after training. 
 
3.1.1 Production 
3.1.1.1 Acoustic Analysis 
An acoustic analysis of participants’ pitch contours produced pre- and post-
training was conducted to investigate if their production got closer to the native version 
after training. Native norms were derived from the model used during training (male 
Mandarin speaker, age 25 years). To accommodate the pitch range differences among 
speakers, F0 was normalized for each speaker to a standard range using the following 
formula (Shi, 1994; Wang, Jongman, & Sereno, 2003) to allow an informative 
comparison between participants’ production and the native norms: 
T(X) = 5 [(log10 X - log10 L) / (log10 H - log10 L)] 
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In this formula, H and L are the highest and lowest F0 in their sample of joke 
reading, respectively. X is any given point on a pitch contour. The normalized F0 (T) 
represents a relative pitch height within a participant’s own pitch range on a five-level 
scale (Chao, 1948). To accommodate for various speaking rates and to allow for a direct 
comparison among different speakers, each contour was scaled on a 0 to 100 scale in 
terms of duration. Participants’ scaled duration was plotted on the x-axis and their 
normalized pitch height was drawn on the y-axis alongside the native version, to see if 
their pitch production pattern became more similar to the standard after training. 
 
3.1.1.2 Perceptual Assessment 
To investigate whether the training procedure effectively helped participants 
improve their tone production as perceived by native speakers, eight native Mandarin 
speakers were recruited to perform a qualitative assessment of the participant’s 
production. They compared English speakers’ tone production from the baseline test and 
post-training test pairwise. Each Mandarin speaker listened to all words produced by all 
English speakers across both conditions (498 pairs of good recordings out of 512 pairs; 
14 pairs of recordings were excluded due to poor recording quality) twice in a 2-hour 
session. Listeners compared the two tokens of the same word produced by the same 
speaker from baseline test and post-training test and chose which one was better, with no 
equal judgments allowed. For instance, sound files of an English speaker’s “a1” pre- and 
post-training were played to a Mandarin rater with a 1-second interval in between. The 
Mandarin listener chose the better version by pressing “1” for the first sound they heard 
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or “2” for the second one on a numeric pad. The proportion of participants’ Day 4 
productions that were judged to be the better one was calculated using R version 3.3.2 
(http://cran.r-project.org/). The proportion was analyzed using SPSS 24.0 
(https://www.ibm.com/us-en/marketplace/spss-statistics) using a repeated measures 
ANOVA. Within-subject factors included tone (1, 2, 3, or 4), and the between-subject 
factor was feedback (void vs. plotted). Paired sample t-tests were conducted to analyze 
the effect of test day (baseline vs. post-training test) within each group. Independent-
sample t-tests were used to analyzed the effect of feedback between feedback groups after 
training. 
 Another perceptual assessment was a rating task performed by eight native 
Mandarin speakers to investigate the subjective quality of the participants’ production. 
Mandarin listeners listened to all participants' productions (996 good recordings out of 
1024 sound files; 28 recordings were excluded due to poor recording quality) from the 
baseline test and post-training test in a random order one time each in a 1.5-hour session. 
They were played a participant’s production, told what the target tone was, and asked to 
indicate on a continuous visual analog scale from 0 to 1, with “0” indicating “not this 
tone category at all” and “1” indicating “a perfect production of the tone”. For the 
productions that fell somewhere in between, Mandarin-speaking raters rated it with a 
value in between (e.g., 0.7). Listeners were encouraged to use the entire scale. Mandarin 
listeners’ average rating for each participant, tone, and day was calculated and 
normalized by rater to generate the z-score using R version 3.3.2 (http://cran.r-
project.org/). The z-score was analyzed using SPSS 24.0 using a repeated measures 
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ANOVA. Within-subject factors included test day (baseline vs. post-training test) and 
tone (1,2,3 or 4), and between-subject factor was feedback (void or plotted). Paired 
sample t-tests were conducted to analyze the effect of test day (baseline vs. post-training 
test) within each condition (void or plotted). Independent sample t-tests were used to 
analyzed the effect of feedback (void or plotted) between conditions on each test day. 
 
3.1.1.3 Relation between acoustic analysis and perceptual assessment 
 Participants’ rating scores in the baseline test on day 1 were ranked from high to 
low using R version 3.3.2 (http://cran.r-project.org/). The top quartile and bottom quartile 
were selected to compare with the pitch contour generated from the acoustic analysis to 
perform a qualitative analysis. The goal of this analysis was to investigate what kind of 
tone productions by non-native speakers would be judged as better or worse by native 
listeners, and to report their error patterns. 
 
3.1.2 Perception 
 Participants’ accuracy on PCPT was analyzed using SPSS 24.0 using a repeated 
measures ANOVA. Within-group factors included test day, and between-group factor 
was feedback. Paired t-tests were conducted to analyze the effect of test day within each 
group. Independent t-tests were used to analyzed the effect of feedback between groups 
on each test day.  
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RESULTS 
4.1 Production 
4.1.1 Acoustic analysis 
 Figure 2 (a) – (d) illustrates the mean pitch contours from the baseline test and 
post-training test averaged across participants in the two training conditions, as compared 
with the native norm. The pitch contours were normalized on a 5-level scale for F0 and 
scaled for duration to a range of 0–100. 
 Overall, the F0 patterns for both groups from the two test days were remarkably 
similar to the native version. Participants’ F0 contours did not appear to resemble the 
native version more closely after training than before. Participants from the plotted group 
did not show qualitatively better F0 contours compared with those in the void group after 
training. Participants’ F0 height was generally higher in the void group than in the plotted 
group across all tones and test days. 
 In Figure 2(a), participants demonstrated very good production of Tone 1. The 
average F0 contours were flat for both groups on both test days. Compared with the 
native version, participants’ F0 contour for Tone 2 demonstrated a later turning point in 
Figure 2(b). In the native version, the speaker had a very short period of dipping pitch at 
the beginning, and then raised F0 very quickly. However, the American English speakers 
had more dipping in their production, which resembled Tone 3. Participants’ production 
on Tone 3 is illustrated in Figure 2(c). Here, they did not show as much dipping as the 
native speaker did. Participants’ production of Tone 4 is shown in Figure 2(d). These 
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contours resembled the native version as they both started high and demonstrated a steep 
slope to fall into the low pitch range.  
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2. Acoustic Analysis. 
Averaged normalized F0 contours for the void and plotted groups from the baseline test on Day 1 and post-
training test on Day 4 (shaded error bars representing +/– 1 standard error). 
 
4.1.2 Perceptual assessment 
Figure 3 illustrates the overall results of the perceptual judgements of participants 
production through paired comparison. It displays the proportion of participants’ 
productions in the post-training test that were judged to be better than their productions in 
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the baseline test. Using a repeated measures ANOVA (within-subjects factor of tone; 
between-subjects factor of training type), we found that participants’ production did not 
significantly differ when provided with visual feedback than without any type of 
feedback (no main effect of training type: F1,15 = 0.392, p = 0.542, η2 = 0.027). There was 
also no interaction effect between tone and training type (F1,15 = 2.255, p = 0.155, η2 = 
0.139). Participants in the plotted feedback condition did not perform better in the post-
training test than the participants from the void feedback group (independent-sample t-
tests: tone 1: t14 = -0.095, p = 0.893; tone 2: t14 = -0.318, p = 0.212; tone 3: t14 = -0.380, p 
= 0.115; tone 4: t14 = -1.215, p = 0.406). These results suggest that the use of visual 
feedback did not improve participants’ tone production compared to no feedback as 
perceived by native Mandarin speakers. 
 
Figure 3. Paired Comparison. 
Proportion of participants’ productions from the post-training test that were judged better than those 
from the baseline testing. 
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Figure 4 shows the overall results of the perceptual judgement of participants tone 
productions from the baseline test on Day 1 and the post-training test on Day 4 through 
rating. It displays the rating raw score for the two feedback conditions from baseline test 
and post-training test. Using a repeated measures ANOVA (within-subjects factor of tone 
and test day; between-subjects factor of training type; dependent measure of z-score), we 
found that ratings of participants’ production did not significantly differ when provided 
with visual feedback than without any type of feedback (no main effect of training type: 
F1,15 = 0.000, p = 0.991, η2 = 0.027). There was no interaction effect between tone and 
training type (F1,15 = 0.001, p = 0.978, η2 = 0.000), and also no interaction effect between 
test day and training type (F1,15 = 1.476, p = 0.246, η2 = 0.102). Using independent-
sample t-test, there was no significant difference between the rating scores in the post-
training test for the two different training groups (tone 1: t14 = 0.533, p = 0.603; tone 2: 
t14 = 0.234, p = 0.819; tone 3: t14 = -0.499, p = 0.626; tone 4: t14 = -0.377, p = 0.712). 
These results suggest that the use of visual feedback did not improve participants’ tone 
production more than the void group as perceived by native Mandarin speakers. 
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Figure 4. Rating. 
Averaged rating raw scores for the plotted condition and the void condition from baseline test and post-
training test.  
 
4.1.3 Relation between acoustic analysis and perceptual assessment 
 Figure 5 (a) – (h) illustrates the normalized F0 contours for productions from the 
baseline test on Day 1 judged by Mandarin speakers that fell within the bottom quartile 
(a–d), and top quartile (e–h) of the perceptual ratings of each tone (i.e., the “best” and 
“worst” productions across all participants). Comparing Figure 5(a) with (e), we found 
that the bottom quartile for Tone 1 was similar with the top: the contours were flat 
without much variations. That there was not much variation in the acoustics of “good” 
and “bad” tones can be explained by the fact that the overall quality of Tone 1 
productions was good (see Fig. 4). Figure 5(b) and (f) show that more highly-rated Tone 
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2 productions tended to have quicker dipping and a steeper rising slope, whereas 
productions that were poorly rated showed either too late of a turning point or too little 
rising. Well-rated and poorly rated Tone 3 are shown in Figure 5(c) and (g), respectively. 
Based on Mandarin speakers' judgements, a good Tone 3 showed more dipping, whereas 
the bad ones were flatter. Figure 5(d) and (h) illustrated poorly-rated and highly-rated 
productions of Tone 4, respectively. The more highly-rated ones demonstrated a steeper 
slope, whereas the poorly-rated ones showed that F0 did not start high enough and was 
not lowered an adequate amount. The averaged pitch contours indicating the same trend 
can be seen in Appendix F. 
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(a) 
 
(e) 
 
(b) 
 
(f) 
(c) 
 
(g) 
  
28 
 
(d) 
 
(h) 
Figure 5. Normalized F0 Contours of Well-rated and Poorly-rated Tone Productions. 
Normalized F0 contours for productions judged by Mandarin speakers in the bottom quartile (a–d), and top 
quartile (e–h) per tone. 
 
4.2 Perception 
 Figure 6 displays participants’ PCPT score from the baseline test and post-
training test. Using paired-sample t-test, there was a significant difference between 
participants’ PCPT scores in the baseline test and the post-training test for both training 
groups (void feedback group: paired t7 = 5.083, p = 0.001; plotted feedback group: paired 
t7 = 2.919, p = 0.022). These results suggested that participants in both conditions 
demonstrated significantly improved PCPT scores. However, using a repeated measures 
ANOVA (within-subjects factor of test day; between-subjects factor of training type; 
dependent measure of PCPT score), we found that participant’ perception did not 
significantly differ between the two feedback conditions (no main effect of training type: 
F1,15= 0.272, p = 0.610, η2 = 0.019). There was also no interaction effect between test day 
and training type (F1,15= 0.282, p = 0.604, η2 = 0.020) The results of an independent-
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sample t-test of post-training PCPT scores also showed that there was no significant 
difference between the void condition and plotted feedback condition (t14 = -0.617, p = 
0.547). 
 
Figure 6. Perception. 
Averaged PCPT scores for the plotted group and void group before and after the production training. 
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DISCUSSION 
 The current study examined the effects of training on two groups of American 
English speakers’ Mandarin tone production using a single-word repetition task. One 
group of participants was given their own F0 contours overlaid with the native version as 
visual feedback, whereas the other group did not receive any types of feedback. 
 According to our results from the acoustic analysis, and the investigation of the 
data from acoustic analysis and perceptual assessment, we found that participants 
demonstrated common error patterns for the different tones. These error patterns were 
consistent till the last day of our training period which indicated that they were not 
corrected with our training paradigm. Participants were relatively good at producing Tone 
1, which we could tell from the F0 contours as well as Mandarin speakers' perceptual 
ratings. This result was compatible with previous studies (Wang, Jongman, & Sereno, 
2003), showing that the flat F0 contour was relatively easy for English-speakers to 
produce.  
 The F0 contour of Tone 2 is characterized by a brief dipping contour at the very 
beginning which then rapidly rises. The accurate production of this tone contour was 
challenging for our participants. English uses a rising pitch contour more on a phrasal or 
sentential level; however, to produce a good Tone 2, participants need to rapidly raise 
their F0 on the word level at a precise time point. Participants’ productions demonstrated 
a later turning point and a relatively less steep slope in their pitch contour. This result 
indicated that English speakers have difficulty raise their pitch in a big range on the 
syllabic level. 
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 Tone 3 is typically considered to be the most challenging tone for non-native 
speakers of Mandarin (Wang, Jongman, & Sereno, 2003). A good production of Tone 3 
requires a very low dipping in the middle of the production, which has a high demand on 
the change of pitch range and the precise time point for the dipping. We did not train 
Tone 3 in our study due to online pitch tracking difficulties around the turning point 
where the F0 is very low and phonation tends to become aperiodic.  
 The English-speakers' productions of Tone 4 were overall judged by Mandarin 
speakers as the second best among the four tones. Participants’ acoustic data also 
indicated a similar pattern of results. One common error pattern for Tone 4 was that non-
native speakers’ F0 contour did not start at a sufficiently high pitch or show a sufficiently 
steep slope of falling compared to the native version which is consistent with the previous 
studies (Ding, Hoffmann, & Jokisch, 2011; Wang, Jongman, & Sereno, 2003). English 
uses a falling pitch contour for declarative utterances, however, this is more on a phrasal 
or sentential level. English speakers might not be used to drop their pitch across their 
entire pitch range on a syllable level. 
 According to Mandarin speakers’ rating scores, participants’ performance was 
already considered to be good in the baseline test prior to training, especially for Tone 1 
and Tone 4. These results were consistent with previous studies which suggested that the 
four Mandarin tones are not all perceived and produced equally well by non-native 
speakers (Gottfried & Suiter, 1997; Shen, 1989). In regard to Mandarin speakers’ 
judgement in the paired comparison task and their rating scores for the quality of English 
speakers’ productions, our training paradigm was not effective in improving non-native 
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tone production. Both training conditions — the group with no feedback and the group 
with visual feedback — did not make significant improvements in their production after 
training. Visual feedback did not help the plotted group make more improvements, which 
contravened our hypotheses. These results could be due to the type of task used in the 
testing and training procedure. We used a single-word repetition task in which 
participants heard one word produced with a Mandarin tone and said it immediately after 
the model.  
The repetition or imitation task used in our study, which required auditory 
perception and motor production, necessarily integrates speech perception and 
production. However, it might not involve higher-level linguistic categorization as 
suggested by Hao and de Jong (2016). Their study showed that English-speaking learners 
were significantly more accurate in imitating than in reading Mandarin tones aloud. It 
could be inferred from their data and our results that American English speakers have the 
sensorimotor capability to perceive the relevant acoustic cues and make motor plans to 
produce these tones; however, due to the lack of experience using pitch features to make 
lexical contrasts, they might have more difficulty with tasks requiring establishment of or 
access to phonological representations of tone contrasts. Our design might not be able to 
tell if participants established phonological categories for Mandarin lexical tones. Thus, a 
future study will be necessary to design a training paradigm which places demands on 
phonological encoding and decoding of Mandarin lexical tones. Spontaneous speech 
must be elicited instead of model-elicited imitation. Lexical learning could be integrated 
with tone production training, similar to the design of Perrachione & Wong (2007). With 
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more challenging, lexically-based tasks, there may be more room for improvements to 
investigate the effects of different kinds of feedback in improving non-native tone 
production. More training sessions may also be needed for such a task, which, because of 
its integration with higher-level linguistic representations, may require a great amount of 
cognitive resources and thereby time for successful learning.  
 All participants in the present study demonstrated improved PCPT scores after the 
production training. However, this result should be interpreted with caution. On the one 
hand, the improvement could be explained as the result of production training, because 
single-word repetition requires both auditory perception and motor production. With 
more exposure to the Mandarin tone patterns and the motor components involved during 
training, participants’ perceptual skills of Mandarin tones might have improved. On the 
other hand, it is also possible that participants’ improvements may have been due to their 
familiarity with the test and the stimuli, such that when they were taking the same test for 
a second time, they did better. To rule out this possibility, an additional control group will 
need to be added to this experiment, in which native American English speakers are 
recruited to take PCPT for the first time, and come back for a second PCPT a week after 
without any intervening exposure to the Mandarin stimuli — or with only passive 
exposure, but not any production on their part. If such a group does not make significant 
improvements on the test, the improved PCPT scores made by the participants in our 
current study could be used to show carryover of learning to perception due to production 
training. 
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CONCLUSION 
In sum, our single-word repetition training paradigm did not show an effect in 
improving native American English-speakers’ Mandarin tone production abilities. Visual 
feedback, which depicted participants’ F0 contour compared to the native version, did not 
help participants make more improvements than the group with no feedback, as 
determined by both acoustic analysis and two types of perceptual assessments made by 
Mandarin speakers. Participants demonstrated higher PCPT scores after training, which 
might show some improvements in the perception modality; however, additional controls 
are required to confirm the basis for this improvement. The results of our current study 
suggest that American English speakers appear to have the sensorimotor capability to 
imitate Mandarin tones — with most accurate productions of Tones 1 and 4, and less 
accurate productions of Tones 2 and 3. However, single-word imitation without requiring 
participants to learn to associate sounds with linguistic categories might not be suitably 
effective to establish linguistic categories for lexical tones for non-native speakers, which 
is the challenging part of second language tone production training. Thus, future work 
remains necessary to explore the effect of various forms of feedback paired with higher-
level linguistic tasks to establish robust tone categories in non-native speakers’ 
phonological representations.
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APPENDIX A 
Stimuli written in Pinyin and IPA. 
 
 Pinyin IPA 
1 a [ɑ] 
2 bai [bai] 
3 wu [wu] 
4 lai [lai] 
5 lei [lei] 
6 nao [nɑʊ] 
7 ai [ai] 
8 mei [mei] 
9 nei [nei] 
10 la [lɑ] 
11 ma [mɑ] 
12 yi [ji] 
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APPENDIX B 
Jokes used to elicit speech sample for pitch range estimation. 
 
Joke 1 
Q: Why was 6 afraid of 7? 
A: Because 7, 8, 9. 
Joke 2 
Q: What musical instrument is found in the bathroom? 
A: A tuba toothpaste. 
Joke 3 
Q: What do you call cheese that's not yours? 
A: Nacho cheese! 
Joke 4 
Q: What do elves learn in school? 
A: The elf-abet. 
Joke 5 
Q: Why did the boy bring a ladder to school? 
A: He wanted to go to high school. 
Joke 6 
Q: Where do pencils go for vacation? 
A: Pencil-vania. 
Joke 7 
Q: Why did the girl smear peanut butter on the road? 
A: To go with the traffic jam! 
Joke 8 
Q: Why do bananas have to put on sunscreen before they go to the beach? 
A: Because they might peel! 
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APPENDIX C 
Baseline test and post-training test. During this phase, participants heard a word, said it 
loud, and then moved on to the next word. No feedback was provided. 
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APPENDIX D 
Training phase. In this phase, participants heard a word, said it loud, and saw either no 
feedback or plotted feedback depending on the group they were in. Then they heard the 
same word again, said it and saw the same type of feedback. And then they moved on to 
the next trained word. 
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APPENDIX E 
Testing phase. During this phase, participants heard a word, said it out loud, and then 
moved on to the next word. No feedback was provided. 
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APPENDIX F 
Averaged normalized F0 contours for productions judged by Mandarin speakers in the 
bottom quartile (a–d), and top quartile (e–g) per tone (shaded error bars representing 
+/– 1 standard error). 
 
 
(a) 
 
(e) 
 
(b) 
 
(f) 
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(c) 
 
(g) 
 
(d) 
 
(h) 
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